Background: Commutable reference materials (RMs) are suitable for end-users for evaluating the metrological traceability of values obtained using routine measurement systems. We assessed the performance of 6 routine measurement systems with validated secondary RMs.
INTRODUCTION
Determination of serum glucose level is extremely important for the screening, diagnosis, and monitoring of diabetes mellitus. It is recommended that the concentration of glucose be measured in an accredited laboratory to ensure accuracy [1] . The commonly used systems for glucose measurement are usually based on enzymatic methods, including glucose oxidase (GOD)-peroxidase (POD) method, GOD-oxygen electrode method, GOD-dry chemistry method, and hexokinase (HK) glucose-6-phosphate dehydrogenase (G6PD) method. Different methods and instruments lead to variations in the results from different laboratories [2] [3] [4] . It is important that the assays be standardized and harmonized.
The International Organization of Standardization (ISO) 17511 standard describes the manner of establishing a reference system for standardization of measurements in clinical laboratories. The reference material (RM) is a key component of such a reference system. Through an intermediate trueness transfer with the RM, commercial methods with validated calibrators may produce values for patient samples that are traceable to the reference method. However, some commercial systems for enzyme measurement continue producing non-traceable values because of a lack of validated calibrations [5, 6] . Hence, the traceability of glucose measurements ascertained by manufacturers may be questioned by the end-users in routine laboratories. The primary RMs for glucose measurement with the highest metrological level are available at the American National Institute of Standards and Technology (NIST). High costs and difficult transportation limit the widespread use of these NIST RMs for trueness assessment. The aim of this study was to prepare secondary RMs for glucose measurement by using commutable frozen human serum pools and to evaluate the traceability of glucose measurements by routine systems using the prepared RMs.
METHODS

Preparation and characteristic of the RMs
Collection and preparation of the RMs were performed with the permission of the Clinical Research Ethics Committee of the Peking University First Hospital. Leftover sera collected from apparently healthy people who had come to the hospital for a physical examination were used in the preparation. Hemolytic, icteric, and lipemic samples were excluded from the study. To obtain a serum pool with a low glucose concentration (about 3.0 mmol/L), whole blood samples were kept at 4°C for 48 hr before serum-clot separation. Glucose powder (product no. L7626; Sigma, St. Louis, MO, USA) was spiked into the pool to produce 4 more levels of RMs. Concentrations of the 5 RMs were in the linear measurement range for the assay method. The materials were sterile-filtered before transferring them into freezing vials for storage at -70°C as performed in a previous study [7] . During the dispensing procedure, the environmental moisture content was maintained between 50-70%, and the vials filled with sera were sealed quickly to avoid evaporation.
The homogeneity of the materials was assessed by evaluating vial-to-vial variation. We randomly selected 15 vials from each level. Analysis of each vial was performed in triplicate by using the Beckman DxC800 analyzer (Beckman Coulter Inc., Brea, CA, USA). The data were evaluated by using one-way analysis of variance. Stability of the glucose concentration in the materials was evaluated at the room temperature, 4°C, -20°C, and -70°C [8] . The materials were analyzed in triplicate at various time intervals. Commutability of the reference materials was determined by measuring glucose concentration in the patient specimens using 6 routine commercial systems (Table 1) and the results were compared with those obtained by the reference procedure. We collected 40 patient sera with glucose concentration in the range of 1.9 to 22.0 mmol/L at our laboratory. They were aliquoted and stored at -20°C until use. Regression analysis was performed to establish the relationship between the results for the patient samples obtained by the routine measurement procedures and by the reference method. Two-tailed 95% prediction interval of the regression line was calculated. Results for the RMs were compared with those for the patient samples. The RMs were considered commutable if their results were within the prediction interval [9, 10] .
Value assignment for RMs
Traceable values were assigned to the RMs by using the reference method recommended by the United States Centers for Disease Control (CDC) [11] . These measurements were perform ed by the laboratory of the Peking University First Hospital, which had achieved good results in the International Federation of Clinical Chemistry and Laboratory Medicine external quality assessment scheme for reference laboratories in laboratory medicine in 2008 [12] . However, we observed a maximum bias of -2.5% when the NIST Standard Reference Material (SRM) 965a materials were measured. Therefore, we recalibrated the reference method with the NIST SRM965a material (4 levels) instead 3 consecutive days. Then, the data were screened for the outlying values with the Grubbs test [13] . The mean value was considered the certified value. The uncertainty of the certified value was estimated by addition of the values for characterization, homogeneity, long stability, and stability during transport [14] . The RMs were transported on dry ice so that the uncertainty of their stability during transport could be negligible. The reported uncertainty was based on the combined uncertainty multiplied by the coverage factor of K= 2, corresponding to a confidence interval of 95%.
Traceability survey
Traceability survey for glucose measurement was performed for 6 commercial systems in 3 laboratories ( Table 1 ). The systems were well maintained by the manufacturer's engineer prior to the survey. Each RM was assayed in triplicates strictly as per the instructions of the manufacturer. Mean values from the replicates were used for calculation. The routine procedures and the reference method were compared by performing linear regression analysis according to the non-parametric Passing and Bablok method [15] .
RESULTS
Properties of the RMs
We obtained 700 vials for RMs of every level. No significant vialto-vial variation was detected by the analysis of variance (P > 0.05). Therefore, the materials were considered sufficiently homogeneous. The materials were stable at least for 3 days at room temperature, for 14 days at 4°C, and for 28 days at -20°C, when their concentration did not change beyond 1%. The RMs were stored at -70°C for 1 yr, and their concentration changes were only between -1.3% and 1% (Fig. 1) . The results for all the materials were within the prediction interval of the regression line between each commercial system and the reference procedure (Fig. 2) ; hence, the materials were concluded to be commutable.
Assigned values
Among the measurements with the reference method, no outlying individual result was detected. The uncertainties of the SRM965a materials and the linear calibration were taken into account.
The glucose values and the expanded uncertainties assigned to the RMs were as follows: 3.13 ± 0.14 mmol/L for RM1, 6 .03 ± 0.13 mmol/L for RM2, 9.34 ±0.16 mmol/L for RM3, 13 .72 ±0.17 mmol/L for RM4, and 18.78 ± 0.20 mmol/L for RM5.
Traceability of the results from the commercial systems
A small variation (CV < 3%) was observed in the results of the same assay system from 3 laboratories. Table 1 summarizes the method bias for each system: GOD01, -0.17 to 2.88%; GOD02,
1.66 to 4.58%; GOD03, -0.17 to 3.14%; HK01, -3.48 to -0.85%; HK02, -3.83 to -0.11%; and HK03, -1.82 to -0.27%. Most of the systems met the minimal quality specifications (bias < 3.3%), and only the HK03 system met the desirable specification (bias < 2.2%) as per the biological variability [16] . The method biases versus the target values and their uncertainties are shown in Fig. 3 . Considering the uncertainties, the systems GOD01 and GOD03 showed a small positive bias. The GOD02 system showed an obviously positive bias when the RM from the higher level was measured. The HK01 and HK02 systems showed a small negative bias for the middle-level RM. The HK03 system performed well, with results mostly within the range of the uncertainties. Regression analysis (Table 2) showed that the results of all the commercial systems were strongly correlated with those of the reference method (r ≥0.9998). The slope value of the regression line for the GOD02 system (1.0483) showed the highest positive bias from the value of 1. Among the other systems, slope values for the GOD01 and GOD03 systems were higher than those for the other 3 systems, but they were all close to 1 (0.981 to 1.032). All the intercept values were close to 0 (-1.05 to -0.123).
DISCUSSION
Currently, serum glucose is determined using enzyme assays from various commercially available kits. However, a thorough evaluation of their accuracy is required. In this study, 5 frozen human serum pools were prepared and validated as secondary RMs to demonstrate the traceability of glucose measurements using routine assay systems. There are 2 reference methods for glucose measurement recommended by the Joint Committee for Traceability in Laboratory Medicine. One is the isotope dilution mass spectrometry method and another is the CDC HK-G6PD reference method. The HK method, which is less expensive and time consuming, was chosen to assign values to our RMs. In this study, the 5 RMs were minimally processed to keep the matrix as close to the fresh serum as possible [7] . They were observed to be homogenous, stable, and perfectly commutable with the fresh patient samples.
The uncertainties of the RMs in our study were slightly higher than those of NIST SRM965a. The certified concentrations of NIST SRM965a and their uncertainties in mmol/L were as follows: 1 SRM965a, uncertainty of the calibration equation, and uncertainty of value assignment.
In our study, most of the commercial measurement systems showed a good agreement with the reference method. The accuracy of glucose measurements seems to be associated more with the methodology than with the instrument, which was not observed in another study [17] . Routine HK methods showed a higher accuracy than GOD methods, which is in line with a report from Korea [18] . The biases investigated in China were higher than those in Korea, which maybe attributable to the differences in the number of laboratories and composition of the assay system. Among the tested systems, the HK03 system showed the best performance with the smallest bias, which was similar to the results of a previous study [17] . The GOD03 system using dry chemistry method showed a small positive bias, but the bias was within the allowable bias range. The apparent difference between dry and wet chemistry systems [19] was not observed in our investigation because the RMs that we prepared were commutable. The HK01 and HK02 systems exceeded the allowable bias in the measurements of low-level RM. The allowable bias is determined on the basis of biological variability, an excess of which is considered clinically significant and would compromise the interpretation of results for diagnostic or monitoring decisions [20, 21] . Results of the regression analysis led to the same conclusion for these systems.
The GOD02 and HK02 systems were from the same manufacturer. The GOD02 system showed apparent positive bias, whereas the HK02 system showed a good performance. These divergent results may be attributed to the same value of the calibrator in the 2 methods, but the commutability of the calibrator is uncertain [22, 23] . Harmonization of routine methods regardless of the manufacturer and methodology is important, and hence, commutable calibrators for traceability are critical to ensure this goal.
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